ABSTRACT Background: The prenatal environment can induce permanent changes in offspring phenotype. Thinness at birth is associated with adult risk of cardiometabolic disease. Objective: The objective was to investigate the association between maternal nutrition during pregnancy and intrauterine development of fetal body composition. Design: We used prospective data from 179 Australian women with singleton pregnancies from the Women and Their Children's Health Study. A validated food-frequency questionnaire was used at 18-24 wk and 36-40 wk of gestation to quantify maternal diet during the previous 3 mo of pregnancy. Fetal body-composition measurements were ascertained from abdominal and midthigh sites by ultrasound performed at 19, 25, 30, and 36 wk. The subcutaneous fat area at each site was calculated by subtracting the lean/visceral area from the total area. Results: In linear mixed-model regressions, maternal intakes of protein (b = 20.13; P = 0.04) and starch (b = 0.10; P = 0.02) and the protein:carbohydrate ratio (b = 23.61; P = 0.02) were associated with the percentage of abdominal fat, whereas SFA (b = 0.27; P = 0.04) and PUFA (b = 20.48; P = 0.03) were associated with the percentage of midthigh fat. Response surfaces for fetal adiposity were maximized at different macronutrient intakes. Abdominal fat was highest with low protein intakes (,16% of energy), and midthigh fat was highest at intermediate protein (18-21% of energy), high fat (.40% of energy), and low carbohydrate (,40% of energy) intakes. Conclusion: Fetal body composition may be modifiable via nutritional intervention in the mother and thus may play an important role in influencing the offspring's risk of future disease.
INTRODUCTION
It is widely accepted that there is a link between in utero growth and both short-and long-term health outcomes. Small size at birth has an increased risk of cardiometabolic conditions, including obesity, hypertension, and type 2 diabetes (1), and a reduction in lean body mass has been shown to account for the reduced birth weight (2) . This thin-fat phenotype, characterized by small abdominal viscera and low muscle mass but a preserved proportion of body fat, predisposes offspring to insulin resistance (3) .
Maternal nutrition is a major intrauterine environmental factor that affects the induction of phenotype alterations (1) . Phenotypic response to different maternal insults commonly manifests as constituent parts of the metabolic syndrome (4) . Whereas glucose is a major source of energy for the fetus, other maternal dietary factors, such as higher fat intakes, also promote fetal growth (5) . Animal models of altered maternal diet have shown a causal relation between early-life nutrition and offspring phenotype (5) (6) (7) (8) . The manipulations conferring adverse phenotypes include total dietary restriction, reduced protein diets, and high-fat and high-SFA diets consumed for specific periods during preconception, pregnancy, and/or lactation (5) (6) (7) (8) . However, the optimal maternal macronutrient profile for imparting healthful fetal outcomes is unknown and remains a research priority (9) .
Compelling arguments have emerged regarding animal nutrition targets for the ratio of protein to nonprotein energy, and these have been identified in many species (10, 11) . For example, insect studies suggest that a severe decrease in the protein-tocarbohydrate (P:C) 4 ratio is related to a greater tendency to store excess body fat and an increased risk of decreased longevity associated with obesity, compared with ad libitum fed controls (10) . Mouse models reported an inverse relation between fat deposition and the percentage of dietary protein (12) . Recent evidence indicates that a decline in percentage protein also drives overconsumption (termed "protein leverage") and hence predisposes toward obesity in humans (13) (14) (15) . Overall, the evidence indicates that a key determinant of the relation between diet and disease is macronutrient balance. However, the ideal diet during pregnancy has been difficult to determine, despite the strong links between birth weight and adult health (1) . It is therefore critical to identify appropriate diets for pregnant women. These evaluations are the beginning of placing maternal nutrition on a scientific grounding.
Here we show in humans, that variations in maternal nutrition during pregnancy can lead to variations in the ratio of fetal fat to lean/visceral body mass, and the effect is different between abdominal and midthigh fat sites. The aims of this study were to 1) investigate whether maternal macronutrient intake distribution throughout pregnancy is associated with fetal body composition up to 36 wk of gestation and 2) examine whether a change in macronutrient distribution throughout pregnancy is associated with a change in fetal body composition.
SUBJECTS AND METHODS

Participants
The Women and Their Children's Health (WATCH) Study is a prospective, longitudinal cohort that was initiated in July 2006 in Newcastle, Australia (16) . Pregnant participants were recruited from the antenatal clinic at the John Hunter Hospital from July 2006 to December 2007. A consent rate of 61% was achieved for pregnant women who were approached (17) . No exclusion criteria were used during recruitment. The current analysis excludes data from one twin pregnancy and one repeat participant to give a study sample size of 179 Australian women with singleton pregnancies, who attended $1 of the 4 study visits. All participants gave written informed consent, and ethical approval for the study was obtained from the Hunter New England Human Research Ethics Committee. Recruitment, withdrawals, and participant attendance were described previously (18) .
Data collection
Details of the data collection were previously described (16, 18) . Briefly, study visits were scheduled at w19, 25, 30, and 36 (61) wk of gestation. Each visit included an ultrasound scan; standard fetal biometric measures (biparietal diameter, head circumference, abdominal circumference, and femur length) and body-composition measurements of fat and lean muscle/visceral area were recorded. Body-composition measures were collected on cross-sectional images at the abdomen and midthigh, with the imaging performed at the standard abdominal circumference measurement level and over the midpoint of the femur with the transducer rotated 90
8 (19, 20) . The total area of fetal abdomen was calculated (A1); then, the visceral abdominal area, which excluded the hyperechoic subcutaneous fat layer, was calculated (A2). The fetal abdominal subcutaneous fat area was calculated as follows: A1 -A2 cm 2 . The total cross-sectional area of the fetal midthigh (T1) was calculated; then the cross-sectional area of the hypoechoic fetal midthigh muscle was calculated (T2). The fetal midthigh fat area was calculated as T1 2 T2 cm 2 (20) . The reproducibility and precision of this technique were previously reported (19, 20) .
Dietary data were collected between 18 and 24 wk and again between 36 and 40 wk of gestation by using a validated 74-item food-frequency questionnaire (FFQ)-the Dietary Questionnaire for Epidemiologic Studies. The tool was previously validated against weighed-food records in young women (21) . The FFQ includes questions about food and beverage data but not about vitamin or mineral supplement use. The dietary intake reference period was the previous 3 mo. Therefore, dietary data collected between 18-24 wk and 36-40 wk of gestation referred to a reference period of 6-24 wk of gestation (early pregnancy) and 24-40 wk of gestation (late pregnancy), respectively.
Maternal anthropometric data were measured by an Accredited Practicing Dietitian with Level One Anthropometry certification (22) . Prepregnancy weight was self-reported at either the first antenatal clinic visit at 14 wk of gestation or at the first study visit. Biochemical data were collected during pregnancy at 20 6 2 and 36 6 1 wk of gestation. Demographic data were collected during the first study visit by using questions modeled on those in the Women's Health Australia survey (23) .
Statistics
The main outcome measures of intrauterine body composition were the proportions of abdominal visceral and midthigh lean areas, expressed as a percentage of the total area. Therefore, a relation between a predictor and percentage of visceral/lean area implies a relation of equal magnitude but opposite sign between that predictor and the percentage of subcutaneous fat area. The dietary predictors included maternal intake of energyyielding nutrients (energy, protein, total fat, SFAs, MUFAs, PUFAs, total carbohydrate, sugars, starch, and fiber), expressed as a percentage of total energy intake, and the ratio of P:C intake. Total carbohydrate was defined as available carbohydrate (ie, fructose, glucose, sucrose, lactose, maltose, galactose, maltotriose, starch, glycogen, oligosaccharides, maltodextrin, and dextrins), excluding sugar alcohols (24) . Sugars were defined as fructose, glucose, sucrose, maltose, lactose, and galactose (24) .
Variables used in the analyses were tested for normality. Comparisons were performed by using 2-sample t tests or the Kruskal-Wallis test for continuous data and the chi-square statistic for categorical data. Pairwise correlations, with Bonferroni correction for multiple comparisons, were performed to assess the relation between diet in early and late pregnancy.
Linear mixed models used longitudinal data to determine whether maternal macronutrient intakes during pregnancy influenced the development of fetal body composition. Models were tested for an interaction between study visit and the nutrient being analyzed. No interaction was present and thus was not included in the final models. Multiple regression models assessed the relation between changes in macronutrient intakes throughout pregnancy and changes in fetal body composition between 19 and 36 wk of gestation. The analyses were adjusted for maternal height, prepregnancy weight, gestation, parity, smoking, gestational weight gained, and fetal sex. All analyses were repeated with and without women who reported diabetes or hypertension during pregnancy. The main findings did not change with the exclusion of women who reported diabetes (n = 8) or hypertension (n = 10) during pregnancy; thus, the models were not adjusted for these conditions. The pregnancy energy cutoff values recommended by Meltzer et al (25) were applied to improve the validity of dietary data. This excluded daily energy intakes ,4.5 or .20.0 MJ/d (25) ; those who reported energy intakes at or between 4.5 and 20.0 MJ/ d were considered to have plausible dietary data. The analyses were conducted by using both "all" and "plausible" dietary data.
Sensitivity analyses using daily food group servings were conducted to identify the food patterns driving any significant relations. Daily food servings were calculated by using foodgroup portion sizes described in the national food selection guide, the Australian Guide to Healthy Eating (26) , or standard portions derived from NUTTAB 2006, a national food-composition database of Australian foods (27) .
Parametric response surfaces for the percentage of abdominal subcutaneous fat area and midthigh subcutaneous fat area were fitted over macronutrient intake arrays and then visualized by using nonparametric thin-plate splines (28) . This approach allowed the complex relation between the response variable (abdominal fat or midthigh fat) and the 2 major axes of percentage protein and percentage carbohydrate or percentage protein and percentage fat in the maternal diet to be visualized. Generalized linear models (GLMs) were used to test these relations.
All data manipulation and statistical analyses were performed by using Intercooled Stata 11.0 (Stata). Graphics were performed by using R software (29) . P values ,0.05 were considered statistically significant.
RESULTS
The obstetric and dietary data for the pregnant WATCH cohort used in this substudy are summarized in Figure 1 . Maternal characteristics and pregnancy outcomes for the women with dietary data are presented in Table 1 . The characteristics of the WATCH cohort were previously reported (18) . Significant differences were found between women with available dietary data (n = 156) and women without dietary data (n = 23). Women without dietary data were less likely to be married or in a de facto relationship (P = 0.03) and more likely to be of socioeconomic disadvantage (P = 0.04) and to have had a preterm delivery (P = 0.001). No significant differences were found for fetal body-composition measures between women with and without dietary data (P . The growth and body-composition characteristics of the offspring at 36 wk of gestation are highlighted in Table 2 . Compared with female fetuses, male fetuses had a significantly larger head circumference (P , 0.001), biparietal diameter (P , 0.001), abdominal visceral area (P = 0.03), and midthigh lean area (P = 0.002). Fetal abdominal circumference was positively related to the percentage of midthigh (R = 0.22, P = 0.029) and abdominal subcutaneous (R = 0.27, P = 0.004) fat area after adjustment for fetal sex. No significant differences were found between fetal sex and the percentage of abdominal or midthigh fat area.
The nutrient and food group intakes during early and late pregnancy and the correlations between them for all participants and the subgroup with plausible dietary data are provided in Table 3 . Of the 156 women who reported dietary data during pregnancy, 18 participants had implausible dietary data in early or late pregnancy (Table 3) . Positive moderate to strong pairwise correlations were found between all dietary variables in early and late pregnancy (0.46 , r , 0.78; P , 0.001).
Results of the mixed-model regression analyses for associations between diet during pregnancy and the percentage of fetal midthigh and abdominal visceral area from 19 to 36 wk of gestation are summarized in Table 4 . The components of maternal diet that were associated with the percentage of fetal abdominal visceral area included: protein, starch, and the P:C ratio (Table 4) . For example, for each 0.1-unit increase in the P:C ratio during pregnancy, fetal abdominal visceral area increased by 0.36% from 19 to 36 wk of gestation (Table 4) . Consequently, each 0.1-unit decrease in the P:C ratio was 1 Reasons for incomplete data include the following: missed the 36-wk ultrasound scan (n = 12), missed the 36-wk ultrasound scan because of preterm delivery (n = 5), incomplete/absent body-composition measures recorded (n = 10), and incomplete/absent growth measures recorded (n = 3).
2 P values were derived by 2-sample t tests or the Kruskal-Wallis test. associated with a 0.36% increase in fetal abdominal subcutaneous fat area. Components of maternal diet that were associated with the percentage of fetal midthigh lean area included SFA, PUFA, and daily servings of energy-dense nutrient-poor "extra" foods (Table 4) . For example, for each isoenergetic 1% increase in SFA during pregnancy, fetal midthigh lean area decreased by 0.27% from 19 to 36 wk of gestation (Table 4) . Thus, for each isoenergetic 1% decrease in SFA, midthigh subcutaneous fat area decreased by 0.27%. As expected, the length of gestation was negatively associated with both fetal midthigh lean (P , 0.001) and abdominal visceral (P , 0.05) area measures.
Results of the multiple regression analyses for the relations between changes in maternal macronutrient intake from early to late pregnancy with the change in the percentage of fetal midthigh lean area from 19 to 36 wk of gestation are summarized in Table  5 . Changes in maternal daily servings of fruit were associated with changes in fetal midthigh lean area (Table 5 ). For each oneserving increase in fruit during late pregnancy compared with early pregnancy, the change in fetal midthigh lean area from 19 to 36 wk of gestation decreased by 2.3% (Table 5 ). Adding the change in fruit servings to this model improved the R 2 value by 6.9%. A negative trend was also observed between a greater intake of carbohydrate in late pregnancy and change in fetal midthigh lean area (P = 0.06; Table 5 ). Maternal height was significant in each regression model (P , 0.001), as taller women tended to have fetuses with a higher percentage change in midthigh lean area (data not shown). No significant relations were found between changes in maternal diet and changes in fetal abdominal visceral area during pregnancy, despite the significant associations found between maternal diet and fetal abdominal visceral area in Table 4 .
Response surfaces for the effects of maternal macronutrient intake during pregnancy on fetal abdominal and midthigh Figure 2 . The surface for the proportion of fetal abdominal fat area highlighted that abdominal adiposity was greatest at low proportions of dietary protein (,16% of energy), irrespective of whether fat or carbohydrate was the dilutent of protein. Abdominal visceral area was greatest when maternal protein intakes were .20% of energy. In contrast, the proportion of midthigh fat area was greatest when the maternal diet consisted of intermediate protein (18-21% of energy), high fat (.40% of energy), and low carbohydrate (,40% of energy) intakes. Isoclines for midthigh fat area fell away from the peak at both lower and higher intakes of maternal protein. Midthigh lean area was greatest when protein intakes were .22% of energy. A diet of low protein (,17% of energy), high carbohydrate (.45% of energy), and low fat (,35% of energy) was also positively associated with midthigh lean area. GLMs found that the topographies of the response surfaces for the 2 variables (midthigh and abdominal subcutaneous fat), once normalized for overall elevation, differed significantly in relation to composition of maternal diet, notably protein content (fat location by protein interaction: P = 0.02, df 1, Wald x 2 = 5.380; fat location by protein squared, P = 0.02, df 1, Wald x 2 = 5.085). Results from the GLMs were concordant with those in Table 4 .
DISCUSSION
This was the first prospective study to examine the relation between the development of fetal fat and lean muscle/visceral areas relative to variations in maternal macronutrient intake. The results indicate that the maternal macronutrient profile during pregnancy is an important determinant of fetal body composition, and the effect is different between abdominal and midthigh sites. Abdominal visceral area was positively associated with the P:C ratio and percentage of energy as protein and negatively associated with percentage of energy as starch. Midthigh lean area was positively associated with percentage of energy as PUFA and negatively associated with percentage of energy as SFA. Inverse relations of equal magnitude were found for subcutaneous fat area at the same site. The P:C ratio and percentage of energy as PUFA produced the largest variations in fetal abdominal and midthigh body composition, respectively. Fetal adiposity was greatest at the abdominal site with low maternal protein intakes (,16% of energy), irrespective of carbohydrate and fat intakes, and greatest at the midthigh site with intermediate protein (18-21% of energy), high fat (.40% of energy), and low carbohydrate (,40% of energy) levels.
The biological mechanisms related to our findings are poorly understood. Metabolic studies indicate that changes in maternalfetal substrate utilization, including glucose and lipid oxidation, insulin resistance, and sensitivity, may contribute via genetic and epigenetic mechanisms (30) . Early metabolic or epigenetic programming events are sensitive to nutrient availability and may affect several gene pathways within developing organs, including those for energy storage (31) . Adipose tissue plays an important role in energy regulation, metabolism, and insulin sensitivity (32) . Thus, alterations in adipose tissue are likely to induce complications in these metabolic pathways, and this may persist throughout the life span (32) . Whereas research supports a relation between low birth weight and a greater risk of adult metabolic disorders (32) , not all low-birth-weight offspring 1 Results also apply to subcutaneous fat area (%), with the coefficient adopting the opposite sign. Subcutaneous fat area (%) at each site (abdominal and midthigh) was calculated by subtracting the visceral/lean area from the total area. P:C, protein-to-carbohydrate.
2 Derived by linear mixed-model regression analyses, adjusted for gestation, maternal height, prepregnancy weight, parity, weight gained during pregnancy, smoking, and fetal sex. A negative association was found between gestation and midthigh lean (P , 0.001) and abdominal visceral (P , 0.05) areas. experience similar risks (32) . Susceptibility may relate to fetal body composition. Causality cannot be inferred from this study because of its observational nature. Therefore, the effect of variations in maternal macronutrient composition requires further investigation in intervention studies using animal models.
The positive relation found between fetal abdominal visceral area and maternal P:C ratio is a very important observation from within a prospective human study and is consistent with evidence from animal (33) (34) (35) and limited human (14, 36) studies. Results indicate that, whereas maternal intakes of protein and starch showed independent associations with the development of fetal abdominal adiposity, there may be an ideal P:C ratio to optimize fetal body composition. Given that maternal dietary intake can be manipulated and that the biological mechanisms are not fully elucidated, further research in this area is urgently needed during human pregnancy.
This study suggests that the development of fetal midthigh fat may be driven by a maternal diet with a high proportion of dietary fat in combination with a low proportion of protein. Results further indicate that not only is the proportion of total fat in the diet important but the fat type is also. Animal models suggest that maternal PUFA intakes may have antiobesogenic effects and decrease fetal fat deposition (37, 38) , whereas consumption of a junk food diet that includes high SFA during pregnancy may promote excess adiposity in the offspring (39) . Further research is required to determine the mechanisms involved, particularly the role of n23 and n26 PUFAs and the implication for long-term health.
These findings support previous work indicating that fat and lean/visceral mass at the femoral and abdominal sites are determined by different regulatory factors and variations in metabolic activity (40) (41) (42) (43) . Interestingly, the human fetus at term has a significantly higher percentage of body fat (15%) than do most other mammalian species (guinea pigs, 11%; baboon/ sheep/calf, 3%; pig/rat/rabbit, ,2%) (44) . This accumulation of fat is not merely an artifact of affluent diets in the developed world but is believed to play a key role in the postnatal period (44) . But the ideal neonatal body composition that supports optimal long-term health outcomes has not been determined. The effect of maternal diet on fetal body composition in both small-and large-for-gestational age fetuses is also unclear.
The results may be explained by the "protein leverage hypothesis" (15) . This states that a change in the ratio of dietary protein to carbohydrate and fat may play a central role in increasing energy intake, by the prioritization of protein by the organisms' regulatory mechanisms. In the case of an unbalanced macronutrient intake, an individual will be driven to maintain an adequate protein target at the partial expense of carbohydrate and fat intake regulation. The outcome is overconsumption of energy, an increase in adiposity, and an increased risk of obesity and metabolic disorders (15) . The findings suggest that pregnant women may be driven to achieve a "target" percentage protein intake, as evidenced by the stability of the percentage of energy from protein throughout pregnancy within our sample. This potentially dominant appetite for protein may significantly influence fetal metabolism and thus play an important role in the development of fetal adiposity. It is clear that maternal macronutrient balance plays an influential role. Research investigating protein leverage during pregnancy, the role of diet in the development of fetal abdominal adiposity, and the implications on health are required before dietary recommendations to optimize fetal body composition can be formulated. Our results have implications for the theory of Predictive Adaptive Responses (45) . This theory suggests that information may be transferred from mother to fetus about the external environment, triggering the development of a phenotype that is adapted to that environment. Thus, mothers in energy-limited environments should produce thrifty phenotypes that readily accumulate energy stores, whereas those in obesogenic environments should give birth to offspring that are resistant to obesity and associated metabolic disorders. The evidence noted above that a low P:C diet is associated in humans with hyperconsumption of energy predicts that fetal energy efficiency should correlate positively with dietary P:C. Our data supported this finding, at least in part, for midthigh subcutaneous fat, which was highest at a maternal dietary composition of w18% protein; however, subcutaneous stores were diminished at higher percentage protein values. Metabolically active abdominal fat, in contrast, was greatest at a low dietary protein density (,16%); thus, these offspring would be born into an obesogenic environment with an accumulated head start toward developing a body composition that is associated with metabolic disease. An important priority is to determine the lifetime consequences of maternal diet and the associated fetal patterns of fat deposition in obesogenic environments. For example, what constitutes an optimal level of visceral and subcutaneous adiposity in a newborn, and how might different patterns of adiposity translate into subsequent health outcomes under different environmental conditions.
Limitations of this study include the use of self-reported FFQ data to measure dietary intake. Dietary data are strengthened by the similarities between the daily mean energy intake reported in our study (8070 kJ/d) and that reported in a representative sample of pregnant women in the Australian Longitudinal Study on Women's Health (7795 kJ/d) in 2003 (46) . Macronutrient distributions were also similar to the Australian data (46) . Breakdowns of maternal nutrient substrate concentrations (amino acids, glucose, fatty acids, and triglycerides) were unable to be obtained for our sample. Ultrasound estimation of fetal body composition does not provide exact measurements. However, sonographic estimates of fetal lean and fat mass are similar to those estimated by total body conductivity (47) . The exploratory nature of this study may have attracted false-positive results because of multiple testing, whereas missing data in some analyses may have been a potential source of bias. Direct measures of neonatal adiposity at birth were not made; thus, the relation between fetal estimates at 36 wk with actual estimates at birth could not be examined. Last, the WATCH study contained a higher proportion of women with postschool qualifications and socioeconomic advantage, but a similar proportion of overweight/obesity and indigenous ethnicity compared with the Australian population.
In conclusion, this study provides evidence that there may be a target maternal macronutrient profile that optimizes fetal body composition. The development of abdominal visceral area throughout gestation was positively associated with higher maternal protein intakes, decreased starch intakes, and a higher P:C ratio. Midthigh lean area was positively associated with increased maternal PUFA intakes and decreased SFA intakes. Further research has the potential to elucidate the role of maternal diet in fetal body composition and contribute to refining the dietary recommendations provided to pregnant women to optimize offspring health. FIGURE 2. Effects of maternal macronutrient intake during pregnancy on fetal abdominal and midthigh subcutaneous fat at 36 wk of gestation. Plotted onto arrays of maternal dietary macronutrient composition points are fitted surfaces for the 2 response variables (abdominal and midthigh subcutaneous fat). The isolines for the percentage of abdominal and midthigh subcutaneous fat rise in elevation from dark blue to dark red. At the abdominal site, the proportion of subcutaneous fat increased as maternal protein intakes decreased (n = 135). The highest proportion of abdominal fat was seen when maternal protein intakes were ,16% of energy. At the midthigh site, a maternal diet of intermediate protein (18-21% of energy), high fat (.40% of energy), and low carbohydrate (,40% of energy) intakes resulted in the highest proportion of fetal fat (n = 141).
We thank all WATCH Study participants who generously volunteered their time and personal information, Patrick McElduff of the University of Newcastle for his advice and guidance with the statistical analyses, and Trish Engel and Therese Finnegan (midwives) for their involvement in the recruitment process.
The authors' responsibilities were as follows-MLB: worked on the statistical analyses and was responsible for the project's implementation, including the preparation of the manuscript. All authors made a significant contribution to the research and the development of the manuscript, helped design the study, and directed the study's implementation, including quality assurance and control. None of the authors declared a conflict of interest.
